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This study characterizes defects associated with abnormal mesoderm development in mouse embryos homozygous for the
induced Ednrbs-1Acrg allele of the piebald deletion complex. The Ednrbs-1Acrg deletion results in recessive embryonic lethality
nd mutant embryos exhibit a truncated posterior body axis. The primitive streak and node become disfigured, consistent
ith evidence that cell migration is impaired in newly formed mesoderm. Additional defects related to mesoderm
evelopment include notochord degeneration, somite malformations, and abnormal vascular development. Arrested heart
ooping morphogenesis and a randomized direction of embryonic turning indicate that left–right development is also
erturbed. The expression of nodal and leftb, Tgf--related genes involved in a left-determinant signaling pathway, is
ariably lost in the left lateral plate mesoderm. Mutational analysis has demonstrated that Fgf8 and Brachyury (T) are
required for normal mesoderm and left–right development and the asymmetric expression of nodal and leftb. Fgf8
expression in nascent mesoderm exiting the primitive streak is dramatically reduced in mutant embryos, and diminished
T expression accompanies the progressive loss of paraxial, lateral, and primitive streak mesoderm. In contrast, axial
mesoderm persists and T and nodal appear to be appropriately expressed in their specific domains in the node and notochord.
We propose that this mutation disrupts a morphogenetic pathway, likely involving FGF signaling, important for the
development of streak-derived posterior mesoderm and lateral morphogenesis. © 2000 Academic Press
Key Words: mouse embryogenesis; mesoderm development; primitive streak; node; cardiovascular defects; left–right
signaling; heart looping; Brachyury; Fgf8; nodal.m
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A continuous supply of correctly specified mesoderm is
central to the development of the vertebrate body plan.
Around embryonic day (E) 6.5 gastrulation is initiated in the
mouse as the embryonic ectoderm of the cup-shaped epi-
blast is recruited to form the primitive streak at the
posterior end of the embryo (reviewed in Tam and Be-
hringer, 1997). Newly formed mesoderm moves away from
the streak in a temporally and spatially regionalized fashion
and contributes to distinct embryonic and extraembryonic
structures (Tam and Beddington, 1987; Lawson et al., 1991;
mith et al., 1994; Parameswaran and Tam, 1995). This
esoderm participates in a complex series of cell move-
ents to provide the embryo with the appropriate tissue
elationships and inductive interactions needed to sustain
1 To whom correspondence should be addressed at The Jackson
Laboratory, Bar Harbor, ME 04609. Fax: (207) 288-6073. E-mail:Ttpo@jax.org.
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All rights of reproduction in any form reserved.orphogenesis. Located at the distal (anterior) end of the
rimitive streak, the node provides signaling activity cen-
ral to the organization of the developing embryo (Bedding-
on, 1994).
Mesoderm required for the elongation of the embryonic
xis is supplied by cells traversing the primitive streak as
ell as resident populations of stem cells located within the
treak and node. Axial mesodermal precursors that form the
otochord exist as a progenitor pool within the node, while
tem cells residing within the primitive streak contribute
o the paraxial and lateral mesodermal tissues (Wilson and
eddington, 1996). Once gastrulation ceases at E10.5 the
ail bud will replace the node and streak as the source of
esoderm. The resident stem cells are believed to furnish
he mesodermal progenitors that reside in the tail bud (Tam
nd Tan, 1992).
Genetic analysis has identified a number of mouse mu-
ants demonstrating perturbed mesoderm development.
hese have presented phenotypes ranging from severe me-
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152 Welsh and O’Briensodermal deficiencies in the case of Fgf8 and nodal mutants
Conlon et al., 1994; Sun et al., 1999) to a diminished supply
f mesoderm resulting in various degrees of caudal trunca-
ion as reported for Brachyury (T) (Conlon et al., 1995) and
o turning (nt) mutants (Melloy et al., 1998). In addition,
unctional analysis in either mouse or chick or both has
emonstrated that Fgf8, T, nodal, and nt are necessary to
dvance a molecular pathway required for left–right (L-R)
pecification and the generation of lateral asymmetry
Levin et al., 1995; King et al., 1998; Melloy et al., 1998;
eyers and Martin, 1999). Patterning of the L-R axis
nfluences heart looping, embryonic turning, and the mor-
hological development and positioning of various organs
n the thoracic and abdominal cavities (reviewed in Harvey,
998; Beddington and Robertson, 1999). The discovery of
enes, such as nodal and leftb (formerly Lefty-2), encoding
GF--related signaling molecules, and the transcription
actor Pitx2, that are expressed asymmetrically in the left
lateral plate mesoderm (LPM) revealed a left-determinant
signaling pathway acting during mouse and chick develop-
ment (Logan et al., 1998; Piedra et al., 1998; Yoshioka et al.,
998). However, in the mouse asymmetric expression has
ot been documented for a number of other genes required
or normal L-R development, including Fgf8 and T. Re-
ersed heart situs has been observed in Fgf8 hypomorphic
nd T mutant embryos. In each mutant there is a loss of the
ormal left-sided expression of genes such as nodal, leftb,
nd Pitx2 (King et al., 1998; Meyers and Martin, 1999).
aken together, these mutants indicate an important con-
ection between the morphogenetic pathways regulating
esoderm development and the patterning of the L-R axis
f the embryo.
In the mouse characterization of a more complete collec-
ion of mutants and genes will extend our understanding of
esoderm formation and patterning in the embryo. Mu-
agenesis screens, either genome-wide or regionally di-
ected as in the Specific Locus Test (SLT), represent a
aluable approach for adding to this collection (Russell,
951; Rinchik and Russell, 1990; Kasarskis et al., 1998). For
xample, loci important for gastrulation have been revealed
hrough the analysis of a set of mice harboring the SLT-
erived deletion complex centered around the albino (Tyr)
ocus (Niswander et al., 1988, 1989; Holdener et al., 1994;
aust et al., 1995). We have been studying the SLT-derived
eletion complex centered around the piebald locus [s 
ndothelin receptor B (Hosoda et al., 1994)] located on
ouse chromosome 14 (Metallinos et al., 1994). Comple-
entation studies using various combinations of deletion
lleles have defined functional intervals within the
dnrbs-15DttMb and Ednrbs-36Pub deletions believed to remove
enes involved in skeletal morphogenesis and patterning,
entral nervous system development, and ability to breathe
t birth (O’Brien et al., 1996). We also identified a 0.8-cM
egion located at the proximal end of the 1.3-cM Ednrbs-1Acrg
deletion associated with embryonic lethality at midgesta-
tion (see Fig. 1). This report focuses on the initial charac-
terization of the phenotype presented by embryos homozy- N
Copyright © 2000 by Academic Press. All rightous for the Ednrbs-1Acrg deletion (hereafter referred to as
1Acrg). 1Acrg mutant embryos display a truncated posterior
ody axis, abnormal heart looping morphogenesis, and a
andomized direction of incomplete embryonic turning. We
resent morphological and molecular marker analyses that
uggest a link between the disruption of FGF signaling,
efective L-R morphogenesis, and the pronounced loss of
audal mesoderm derived from the late primitive streak.
MATERIALS AND METHODS
Mice. The Ednrbs-1Acrg piebald deletion stock was obtained from
Dr. Liane Russell at the Oak Ridge National Laboratory as a
heterozygous stock following the test cross between s and the
arental stock, which has been maintained by crossing with
101/R1  C3Hf/R1)F1 mice. We have maintained these mice as a
closed colony. The nodal-LacZ mice (mixed background) used in
this study were obtained from Dr. Elizabeth Robertson (Harvard
University) and the Kdr-LacZ mice (C57BL/6J-Kdrtm1Jrt) were ob-
tained from The Jackson Laboratory Induced Mutant Resource.
Genotypes of mice and embryos were determined in a polymerase
chain reaction using primers specific for neo sequences (nodal-
LacZ and Kdr-LacZ) or D14Mit94, a closely linked (CA)n repeat
marker that distinguishes the Ednrbs-1Acrg deletion chromosome.
Embryo collection. Intercross matings of Ednrbs-1Acrg heterozy-
otes (1Acrg/) were established to obtain the embryos used in this
tudy. Additionally, 1Acrg/nodalLacZ /, and 1Acrg/KdrLacZ /
compound heterozygotes (which did not present an obvious
phenotype) were crossed to 1Acrg/ mice to generate
Acrg/nodalLacZ / and 1Acrg/KdrLacZ / embryos. Noon of the day
on which the copulatory plug was detected was considered E0.5 of
development for embryo collection. Embryos were dissected free of
maternal tissue in cold PBS and yolk sacs were isolated for genomic
DNA preparation. Embryos were fixed overnight in 4%
paraformaldehyde/PBS for whole-mount in situ hybridization,
Bouin’s fixative for histological analysis, or 0.2% glutaraldehyde
for -galactosidase expression.
In situ hybridization. Following fixation overnight at 4°C,
mbryos were washed twice with PBST (PBS with.1% Tween 20)
nd dehydrated through a MeOH/PBST series and stored at 20°C
n 100% MeOH until use. Whole-mount in situ hybridization was
erformed essentially as described by Wilkinson with modifica-
ions (Wilkinson and Nieto, 1993). Embryos were bleached in 6%
2O2/MeOH prior to rehydration to PBST. Embryos were perme-
abilized by proteinase K treatment for 4–12 min depending on
stage, followed by fixation in 4% paraformaldehyde, and.2% glu-
taraldehyde. Embryos were prehybridized for 1 h at 70°C in
hybridization solution (50% formamide, 5 SSC, pH 4.5, 50 g/ml
east tRNA, 1% SDS, and 50 g/ml heparin) and then incubated
vernight at 70°C in hybridization solution with 1 g/ml ribo-
robe. Posthybridization washes consisted of 3 30-min washes in
0% formamide, 5 SSC, pH 4.5, 1% SDS at 70°C and 3  30-min
ashes in 50% formamide, 2 SSC, pH 4.5, at 65°C. Treatment
ith RNase was not used in this protocol. Digoxigenin-labeled
ntisense riboprobes were detected using alkaline phosphatase-
onjugated anti-digoxigenin Fab fragments (Boehringer Mannheim)
t a 1:2000 dilution followed by extensive washing (1–3 days) in
BST (1 TBS with 1% Tween 20 and 2 mM levamisole). BCIP/
BT was used as the colorimetric substrate for alkaline phospha-
s of reproduction in any form reserved.
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153Phenotype of the Ednrbs-1Acrg Mutant Embryotase. Embryos were postfixed in 4% paraformaldehyde prior to
being cleared in glycerol for photography.
Histology. Embryos for histological analysis were dissected in
old PBS and fixed overnight in Bouin’s fixative. Embryos were
hen dehydrated through an ethanol series to xylene and embedded
n Paraplast Plus, serially sectioned at 6 m, and stained with
ematoxylin and eosin.
-Galactosidase assay. Embryos were dissected on the desired
ay of gestation in cold PBS, fixed for 10–15 min in 0.2% glutar-
ldehyde, washed 3  15 min in detergent rinse (0.1 M
-phosphate, pH 7.3, 2 mM MgCl2, 0.01% Na-deoxycholate, 0.02%
P-40). Staining was carried out overnight at 37°C in staining
FIG. 1. Functional map of the piebald deletion complex on mouse
chromosome 14. Centromere is to the left and molecular markers
mapped relative to s  endothelin receptor B (Ednrb) are indicated
above the line (Metallinos et al., 1994; O’Brien et al., 1996). The
extent of each deletion is represented by a solid line. The indicated
genetic distance (in cM) corresponds to the boxes below each
deletion. The boxes represent functional intervals based on
complementation analysis using the piebald deletion alleles
shown. The regions are associated with (1) respiratory failure at
birth, skeletal patterning, and central nervous system defects; (2)
skeletal and cartilage defects; and (1Acrg) the Ednrbs-1Acrg deletion
phenotype. Deletion names are provided on the left.
TABLE 1
Genotypic Distribution of Progeny from Ednrbs-1Acrg Intercrosses
Stage No. of litters No. of progeny
E8.0 8 87
E8.5 10 76
E9.5 18 174
E10.5 10 86
E11.0 2 19
E11.5 1 12
E12.5 1 6
a 4 partially resorbed embryos and 2 empty yolk sacs.
b Empty yolk sac.
Copyright © 2000 by Academic Press. All rightolution (1 mg/ml X-gal, 0.1 M K-phosphate, pH 7.3, 2 mM MgCl2,
0.01% Na-deoxycholate, 0.02% NP-40, 5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6). Embryos were then postfixed in either 4% paraformal-
dehyde, and moved to glycerol for photography, or in Bouin’s
fixative and processed for histological analysis.
RESULTS
Identification of 1Acrg Mutants
In previous studies lethality at midgestation was associ-
ated with embryos homozygous for the Ednrbs-1Acrg deletion
O’Brien et al., 1996). The phenotype was distinct from the
eonatal lethal phenotype of the Ednrbs-15DttMb and
dnrbs-36Pub deletions, which also removed the Ednrb gene.
omplementation analysis attributed the earlier lethality
o the disruption of gene(s) in a 0.8-cM region absent at the
roximal end of the Ednrbs-1Acrg deletion (Fig. 1). In order to
characterize the 1Acrg mutant phenotype we collected
embryos at various gestational stages from intercross mat-
ings of Ednrbs-1Acrg heterozygous mice. Mutant embryos
were recovered at E10.5; however, this was no longer the
case at E11.5 (Table 1). 1Acrg mutants were easily distin-
guished from their normal littermates at E9.5. They were
gestationally less advanced, were caudally truncated, and
had failed to progress through the embryonic turning se-
quence, despite having formed 12–14 pairs of somites, a
stage at which normal embryos have nearly completed the
turning process (Kaufman, 1992). At E10.5 wild-type em-
bryos typically contain 25–30 somites and posterior devel-
opment has proceeded to the formation of the tail bud.
Little change was evident in the appearance of 1Acrg
embryos at E10.5. They remained unturned or showed
limited axial rotation, had formed 15 somites, and failed
to develop a tail bud.
Neural Tube Defects
Neural tube defects were evident in 1Acrg mutants.
hese included underdeveloped and open cranial neural
Genotype
/ 1Acrg/ 1Acrg/1Acrg
20 (23%) 47 (54%) 20 (23%)
23 (30%) 37 (49%) 16 (21%)
49 (28%) 89 (51%) 36 (21%)
23 (27%) 42 (49%) 21 (24%)
4 (21%) 9 (47%) 6 (32%)a
3 (25%) 7 (58%) 2 (17%)b
1 (16%) 5 (83%) 0s of reproduction in any form reserved.
p
m
d
m
b
l
m
w
c
p
v
fl
i
s
l
a
c
g
T
t
a
i
N
l
t
s
m
B
b
154 Welsh and O’Brienfolds (see Figs. 2A, 4A, and 7E). In the most severely affected
embryos the cranial neural folds were poorly elevated and
the neural tube remained open from the prospective fore-
brain into the hindbrain region. In more mildly affected
E9.0–E10.0 mutants the neural folds had elevated and
approached the midline but did not fuse in the region
overlying the midbrain and in the rostral portion of the
forebrain. From the hindbrain through the trunk the neural
folds were closed; however, the neural tube displayed a
pronounced kinking as it extended posteriorly along the
axial midline (data not shown).
FIG. 2. 1Acrg mutant phenotype. (A) E9.5 1Acrg mutant (right)
nd normal littermate (left) showing gross morphological defects
ncluding poorly developed head folds and caudal truncation.
ormal littermates have completed embryonic turning and heart
ooping, 1Acrg embryos remain in the lordic position with ven-
rally protruding or poorly looped hearts. (B and C) Comparison of
agittal sections of a normal E9.5 embryo (B) and an E9.5 1Acrg
utant (C) reveals a paucity of anterior mesenchyme (asterisks in
and C) as well as poorly formed somites in the mutant. ba,
ranchial arch; mc, myocardium; ov, otic vesicle; sm, somite.The closure of the cranial neural tube depends on sup-
Copyright © 2000 by Academic Press. All rightortive and inductive interactions from the underlying head
esenchyme (Chen and Behringer, 1995). This tissue is
erived from an early population of anteriorly migrating
esoderm and from neural crest cells that have come to lie
eneath the developing neural folds (Noden, 1988). Histo-
ogical analysis revealed that the development of head
esenchyme in the 1Acrg embryo was abnormal. Cephalic
mesenchyme appeared diminished and cells were not uni-
formly distributed throughout the cranial region (Figs. 2C
and 8H and data not shown). The defects were most
pronounced in the mutant embryos exhibiting more severe
failure of cranial neural tube morphogenesis and preceded
the necrosis evident in the neuroepithelium of the E10.0
1Acrg mutant.
Analysis of Extraembryonic Tissues and
Vasculature
Extraembryonic mesoderm is derived from the proximal
region of the primitive streak. It contributes to the allantois
and the mesodermal layers of the amnion and yolk sac.
Extraembryonic mesoderm was generated in the 1Acrg
mutant; however, the development of the allantois and yolk
sac was compromised. Normally, the allantois extends
from the posterior end of the embryo into the exocoelomic
cavity and forms a connection with the chorion by E8.5. In
1Acrg mutants we occasionally observed a severely de-
formed allantois which appeared as a bulb at the posterior
end of the embryo, having failed to fuse with the chorion.
Chorioallantoic fusion had occurred in the majority of the
mutants. However, histological analysis revealed that cells
of the allantois were less extensively spread across the
chorionic plate (data not shown).
The mesodermal layer of the yolk sac gives rise to
aggregations of mesenchymal cells forming the blood is-
lands. These cells contribute to the hematopoietic lineages
and the endothelial precursors that undergo vasculogenesis
to form an initial network of blood vessels in the yolk sac
(Risau and Flamme, 1995). The yolk sac of 1Acrg mutants
as pale and appeared poorly vascularized compared to E9.5
ontrol littermates.
In order to better assess the development of the proximal
rimitive streak derivatives, extraembryonic structures and
asculature we examined the expression of Kdr (formerly
k-1) in 1Acrg mutants. The tyrosine kinase receptor FLK1
s expressed in the proximolateral region of the primitive
treak, in the allantois, and in the vascular endothelial
ineages within the yolk sac and the embryo (Yamaguchi et
l., 1993). In order to study expression we used mice
arrying a LacZ-targeted disruption of the Kdr gene to
enerate 1Acrg/KdrLacZ / embryos (Shalaby et al., 1995).
hese embryos showed no obvious differences compared to
he 1Acrg mutant.
The Kdr-LacZ-marked endothelial precursors revealed
regions in the E9.5 mutant yolk sacs where an initial
capillary network had failed to form. These areas contain
Kdr-LacZ-marked cells, but they remained isolated, giving
s of reproduction in any form reserved.
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155Phenotype of the Ednrbs-1Acrg Mutant Embryothe yolk sac a peppered appearance. In regions where
vascular morphogenesis was initiated it failed to progress
beyond the establishment of an initial capillary network
(Figs. 3A, 3B, and 3C). We also examined the development
of the embryonic vasculature. In the embryo the endocar-
dial heart tube and large vessels such as the dorsal aortae are
formed from the organization of mesodermally derived
endothelial cell precursors through vasculogenesis. Angio-
genesis involving the sprouting and remodeling of new
vessels extends the initial vascular network creating a
hierarchy of blood vessels throughout the embryo (Risau,
1997). We found evidence that these processes were dis-
rupted in the 1Acrg mutant. The modeling of the endocar-
dial tube of the heart was greatly distorted (Figs. 3E, 5B, and
5D) and in some regions the formation of the dorsal aorta
was discontinuous (Fig. 3I). In the head region of control
embryos a highly organized vasculature was present and
extended from the larger anterior cardinal veins to form an
intricate capillary plexus. In the mutant embryos only a few
vascular connections were associated with the anterior
cardinal vein and there was no evidence of the formation of
an intricate capillary bed (Figs. 3E and 5B). In the trunk of
normal embryos the intersomitic vessels sprout from the
dorsal aorta and are located between the somitic bound-
aries. Although some poorly organized vessels were found
extending from the dorsal aorta, an orderly arranged array of
intersomitic vessels did not form in the mutant (Fig. 3E).
These results suggest that endothelial precursors are gener-
ated in the mutant, but these cells are defective at estab-
lishing an initial vasculature and remodeling into an orga-
nized network containing large and small vessels.
Initial numbers of Kdr-LacZ-marked cells appeared to be
comparable between control and 1Acrg embryos in the
proximolateral regions of the primitive streak and in the
extraembryonic mesoderm. Interestingly, as 1Acrg embryos
advanced the Kdr-LacZ-marked cells accumulated in the
posterior lateral mesoderm (Fig. 3H). Their accumulation
was striking by E9.5 and suggests that the newly formed
Kdr-positive mesoderm does not effectively migrate away
from its origin in the primitive streak. A posterior accumu-
lation of Kdr-positive cells has also been observed in em-
bryos lacking Mesp1 gene function, although the defect was
evident in the Mesp1-null embryos at an earlier stage (E7.5).
This bHLH protein has been implicated in cell movements
during gastrulation and in the timely departure of cells from
the primitive streak (Saga et al., 1999).
Heart and Embryonic Turning Defects in 1Acrg
Mutants
Heart looping and embryonic turning represent the mani-
festation of morphological asymmetry in response to the
establishment of the L-R axis of the embryo. 1Acrg embryos
do not complete embryonic turning and their hearts are
abnormally looped. This prompted us to examine whether
L-R development was affected in these embryos. Approxi-
mately 73% of the more advanced (E9.5–E10.5) mutants f
Copyright © 2000 by Academic Press. All rightave initiated the axial rotation sequence (Table 2). How-
ver, limited progress or the distorted position of their
runcated posterior end in some instances did not provide a
eliable indication of the direction of turning. Therefore, we
lso analyzed serial transverse sections to determine the
irection of axial rotation (see Fig. 4). We examined 34
9.5–10.5 1Acrg embryos and found that either the direc-
tion of embryonic turning was randomized or the embryos
remained unturned (Table 2).
In an effort to study the effects of this mutation on L-R
signaling we examined the expression of the left determi-
nant nodal, its proposed left-sided antagonist Leftb (for-
merly Lefty-2), and the right determinant Ebaf (formerly
lefty-1) (Meno et al., 1998, 1999). Asymmetric expression of
nodal is detected in the left LPM adjacent to the node and
expands anteriorly to the heart region as embryos develop
approximately two to eight somites (Collignon et al., 1996;
Lowe et al., 1996). To study nodal expression we used mice
that carry a disrupted copy of the nodal gene marked with
LacZ (Varlet et al., 1997). The phenotype of 1Acrg/-
odalLacZ / embryos was not different from that seen in
Acrg mutants. However, nodal-LacZ-marked cells indi-
cated variable nodal expression in the left LPM of 1Acrg
mutants (n  12). nodal expression ranged from slightly
educed to absent (Fig. 4D), with markedly reduced levels
een in the more advanced (five to eight somites) mutants
n  7). In contrast to the lateral domain, levels of nodal-
acZ signal in the midline around the node were not
educed (Figs. 4D and 8K).
Leftb is expressed predominantly in the left LPM and at
ower levels in the left half of the prospective floor plate
PFP) in embryos with approximately two to six somites.
uring this time, the related gene Ebaf is expressed pre-
ominantly in the left half of the PFP and acts to restrict
xpression of nodal and Leftb to the left side of the embryo
Meno et al., 1998). We examined the expression of these
enes in 1Acrg mutants (n  7) using a probe that detects
oth Ebaf and Leftb (Meno et al., 1996). In control embryos
ith three to four somites we detected Ebaf/Leftb expres-
ion in the left LPM and PFP. Slightly higher levels of signal
ere detected in the more anterior left LPM and PFP at the
ve- to six-somite stage. Ebaf/Leftb expression was no
onger detected in control embryos beyond the six-somite
tage. In the 1Acrg mutants Ebaf/Leftb expression appeared
t approximately normal levels in the left LPM and PFP of
mbryos with approximately three somites (data not
hown). However, in mutant embryos with approximately
our somites levels of Ebaf/Leftb in both the left LPM and
FP were reduced and expression was completely absent in
ll mutant embryos examined with five or six somites (n 
) (Fig. 4E). Thus, nodal and Leftb expression appears to be
nitiated, but prematurely lost in the left LPM of the 1Acrg
utant embryos.
In addition to reversed and incomplete embryonic turn-
ng the heart of the 1Acrg mutants failed to undergo normal
ooping morphogenesis. The vertebrate heart is formed
rom bilateral populations of anterior splanchnic mesoderm
s of reproduction in any form reserved.
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156 Welsh and O’Brienthat adopt a cardiogenic fate. These cells migrate toward
the ventral midline and fuse to generate the primitive heart
tube (Fishman and Chien, 1997). The E8.5 linear heart tube
is transformed through a rightward looping of the ventric-
FIG. 3. Analysis of vascular development in 1Acrg/KdrLacZ /
embryos. (A–C) Comparison of E9.5 1Acrg mutant yolk sac (B) with
stage-matched E8.75 wild-type (A) and littermate control (C) yolk
sacs demonstrates the failure of Kdr-LacZ-marked endothelial
precursors to organize into an initial capillary network. (D–F)
Comparison of E9.5 1Acrg mutant (E) with stage-matched E8.75
wild-type (D) and littermate control (F) embryos shows aberrant
endocardial plumbing of the heart (arrowhead in E) and the absence
of organized intersomitic vessels (arrows in D, E, and F). Kdr-LacZ-
marked cells also highlight the poorly developed cephalic vascula-
ture (curved arrows in D, E, and F). (G and H) Dorsal views of
embryos in D and E show accumulation of Kdr-LacZ-marked cells
in the posterior region of 1Acrg mutants. Additionally, 1Acrg
embryos at E8.5 showed a discontinuous formation of the dorsal
aorta (arrow in I). al, allantois; da, dorsal aorta; ht, heart; plm,
posterior lateral mesoderm.ular region and the anterodorsal elevation of the atrial m
Copyright © 2000 by Academic Press. All rightegion already displaced toward the left side of the embryo.
hese movements place the ventricles across the midline in
L-R position and elevate the sinoatrial region to a more
orsal position behind the ventricles in the normal heart
Figs. 5A and 5E). The heart of the E9.5–E10.5 1Acrg mutant
isplayed a pronounced ventrally protruding ventricular
oop that was tilted relative to the A-P axis of the embryo
ut did not achieve a L-R lateral arrangement across the
idline (Fig. 5B). The sinoatrial region was poorly elevated
nd occupied a more ventrocaudal position than in cor-
ectly looped hearts (Figs. 5D and 5F). Progression of heart
ooping morphogenesis was variable. We observed either
artial rightward looping or unlooped hearts (Table 3).
In the 1Acrg hearts the myocardial tissues were thick-
ned and in severe instances the posterior segment of the
eart (sinoatrial region) did not fuse to form a closed tube
Table 3). Instead, on both sides of the open heart tube the
hickened posterior myocardial tissue was often continuous
ith the splanchnic mesodermal layer of the yolk sac (Figs.
F and 5G). The open posterior heart tube appeared to result
rom a failure of the bilateral cardiogenic fields to complete
entral fusion. Failed midgut closure represents another
ndication of disrupted ventral morphogenesis in the mu-
ant. Cardia bifida has been associated with defective ven-
ral morphogenesis in other mouse mutants, such as Furin-
r Gata4-deficient embryos (Kuo et al., 1997; Molkentin et
al., 1997; Roebroek et al., 1998). However, in the Gata4
mutants a more severe failure in heart tube fusion is
associated with defective foregut invagination which does
not appear to be disrupted in 1Acrg mutants.
Somite and Notochord Development in 1Acrg
Mutants
At E9.5 1Acrg mutants had developed approximately
12–14 somites, compared with the expected 20–25 somites
in control littermates. Few, if any, additional somites were
added at later stages, suggesting a defect in the continuation
of somitogenesis. The mechanisms regulating formation
also appeared altered as the successively added somites
were variable in size and displayed an irregular morphology,
with limited progress toward forming an epithelialized
somite (Fig. 2C and data not shown). The somitic marker
Meox1 (formerly Mox-1) (Candia et al., 1992) was expressed
n the mutants, although levels were markedly reduced
n  6 at E9.5; n  11 at E8.0–E8.5). Meox1 expression
ighlights the reduced size of the newly formed somites and
he disorganization of the more mature anterior somites
Fig. 6). Meox1 and the fibroblast growth factor receptor 1
Fgfr1) are expressed in the presomitic mesoderm (Yamagu-
hi et al., 1992). The extent of each expression domain
ppeared slightly reduced in mutant embryos, possibly
eflecting diminished paraxial mesoderm available for gen-
rating somites (Fig. 6).
In later stage (E9.5–E10.5) 1Acrg mutants the histological
nalysis revealed sections where the notochord was either
issing or abnormal. The expression of T (Herrmann,
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157Phenotype of the Ednrbs-1Acrg Mutant Embryo1991), Shh (Echelard et al., 1993), and Foxa2 (formerly
Hnf-3) (Ang et al., 1993; Sasaki and Hogan, 1993) at E9.5
onfirmed the discontinuity of the notochord (Fig. 7E and
ata not shown). At earlier stages (E8.0–E8.5) T (n  7), Shh
(n  9), and Foxa2 (n  15) were expressed along the entire
ength of an intact notochord (Fig. 7 and data not shown).
hus, the notochord of 1Acrg mutants is assembled and the
iscontinuity reflects its degeneration during later stages of
evelopment. The expression of Shh and Foxa2 in the
endoderm of the developing gut did not appear to be
strongly affected, and altered expression of Shh in the floor
plate occurred in regions where the notochord had degen-
erated.
Altered Morphology of the Primitive Streak and
Node
The molecular marker studies indicate that diverse cell
types emerge from the primitive streak and initially as-
semble into multiple mesodermal derivatives in the 1Acrg
embryo. However, in several instances developmental
events associated with these cell types do not proceed
normally. We examined the primitive streak and node
region as the source of supply and instruction for these
tissues. At E7.5 the overall morphology of the primitive
streak was not seriously altered. The primitive streak was
progressively disfigured from E7.5 to E8.5, exhibiting a
buckled morphology along its length and ruffling of the
overlying ectoderm (Fig. 8H). The newly formed mesoderm
migrating away from the streak was disorganized. The
characteristic bilaterally symmetric architecture was lost,
with cells bunched together and unevenly distributed be-
tween the left and the right side in regions lateral to the
streak (Fig. 8F).
The node region of the embryo typically adopts a
teardrop-shaped morphology as cells within the node move
anteriorly toward the midline to form the notochordal
plate. The node was formed in 1Acrg mutants but its
structural integrity was not maintained. Several genes,
including Foxa2, Shh, T, and nodal, were expressed in the
node of 1Acrg mutants. However, their expression empha-
sized the pronounced dysmorphology of the posterior node/
anterior streak margin (Fig. 8J and data not shown). The
TABLE 2
Incidence of Reversed Axial Rotation in 1Acrg Embryos
1Acrg/1Acrg (n  34)
Normal rotation Reversed rotation Unturned
13 (38%) 12 (35%) 9 (27%)
a Embryos genotyped as /.posterior end of the node was compressed and folded p
Copyright © 2000 by Academic Press. All rightentrally against the anterior end of the abnormally cupped
rimitive streak (Fig. 8D).
In addition to the posterior dysmorphology, nodal-LacZ-
arked cells were not normally distributed toward the
nterior of the 1Acrg mutant node. In four- to seven-somite
tage control littermates the nodal-LacZ-marked cells were
ocated along the periphery of the node and funneled evenly
nto the notochordal plate. Persistence of the LacZ marker
ermitted visualization of occasional cells extending into
he notochord. In the mutant embryos significantly fewer
odal-LacZ-marked cells were detected in the notochord.
n addition, marked cells were reduced in number and
nevenly distributed along the lateral edges of the noto-
hordal plate. Instead, the nodal-LacZ-marked cells accu-
ulated at the posterior end of the node (Fig. 8K). Together,
hese observations suggest that abnormal cell movements
re associated with the disorganization of the primitive
treak and node in 1Acrg embryos.
Interestingly, we detected ectopic aggregates of detached
cells located above the primitive streak in the amniotic
cavity. These cell clumps were seen in the majority (90%)
of E7.5 mutants, before the node and streak had become
obviously disfigured. They expressed mesodermal markers,
such as T, Fgf8, Fgf4, and Foxa2 (see Figs. 8A and 8B). The
expression of these markers suggests that the aggregates
were comprised of cells that would normally have contrib-
uted to the primitive streak or node. Further analysis will
pursue the possibility that these detached cells represent a
link between altered cell adhesion properties and the later
dysmorphology of the streak and node.
Fgf8 and T Misexpression Accompanies the
Impaired Development of Streak-Derived
Posterior Mesoderm
Caudal truncation in the 1Acrg mutant is most apparent
as the failure to sustain somite formation at later stages
(E9.0–E10.0) of development. Over this period we observed
striking differences in T expression in distinct posterior
mesodermal cell types in the 1Acrg embryo. T expression
as maintained in midline structures, including the node,
otochord, streak mesoderm, and overlying ectoderm. In
ontrast, in the E8.5 mutant the T expression domain in the
1Acrg/ and / (n  147)
Normal rotation Reversed rotation Unturned
145 (99%) 2 (1%)a 0araxial mesoderm was notably diminished and the overall
s of reproduction in any form reserved.
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159Phenotype of the Ednrbs-1Acrg Mutant Embryoamount of posterior mesodermal tissue was reduced (Fig.
9B). By E9.5 the decline in posterior mesoderm lateral to the
streak had become even more exaggerated (Fig. 9D). These
results indicate the persistence of axial mesoderm in con-
trast to the almost complete loss of nonaxial mesoderm
derived from the primitive streak.
The secreted signaling molecule FGF8 is dynamically
expressed in a number of regions that provide for outgrowth
and patterning of embryonic structures, including the
FIG. 4. Analysis of L-R development. The direction of axial rotati
sections using the position of the tail and the body wall in the
lordic-to-fetal transition the right body wall is raised over and plac
rotates under the longitudinal axis forming the outer curvature of t
normal embryo the raised right body wall in the lordic region opp
Embryos undergoing reversed counterclockwise axial rotation have
(A) The 1Acrg embryo on the left is undergoing normal clock
counterclockwise axial rotation (arrows point to raised body wall in
sections of 1Acrg embryos. Normal (B) or reversed (C) axial rotatio
espectively (curved arrows indicate direction of axial rotatio
1Acrg/nodalLacZ / embryos and control littermates. Compared to
he left lateral plate mesoderm. Note normal levels of expression
ide of prospective floor plate and left lateral plate mesoderm, respe
oss of expression in a 1Acrg embryo with 4–5 somites. lbw, left b
IG. 5. Defective heart tube formation and looping morphogenesi
f endocardial tissue of forming heart tube of E8.75 WT (A, C) and
ositions the future left and right ventricles across the midline of t
riented along the A-P axis (B). Abnormal endocardial plumbing is
n (A) and (B) demonstrating poorly distributed endothelial precurso
he sinoatrial region (boxed area) dorsoanteriorly behind the formin
T embryo. (F) Transverse section in the heart region of a E9.5
inoatrial region (also see D). (F and G) Transverse sections of E9.5
he ventral midline in the sinoatrial region and fusion between th
n G). avc, atrioventricular canal; enc, endocardium; fg, foregut; lv
ight ventricle; sa, sinoatrium; v, ventricle; ys, yolk sac.
IG. 6. Somite development. (A–C) Expression of the somitic
ybridization. Meox1 expression is reduced in early somite stage 1A
re highly disorganized (arrow in C, in these embryos the detectio
f the WT embryo compared with the weaker signal in mutant). N
ABLE 3
eart Abnormalities and Relationship to Direction of Axial Rotat
Axial rotation
Direction of h
Rightward L
Normal (n  13) 11 (85%)
Reversed (n  8) 0
Unturned (n  7) 1 (14%)
a All 1Acrg hearts scored as unlooped had a rightwardly displace
he initial L-R specification of the heart tube was normal.
b Failed fusion of the developing heart tube along the ventral mresomitic mesoderm expressing Fgfr1 appears slightly reduced in 1Acr
Copyright © 2000 by Academic Press. All rightrimitive streak and tail bud (Crossley and Martin, 1995).
t E7.5 Fgf8 expression was comparable between control
mbryos and 1Acrg mutants in which signal was detected
n the epithelial cells of the streak and ectodermal cells
ateral to the streak (data not shown). However, differences
ere observed in the nascent mesoderm emerging from the
treak, which normally initiates Fgf8 expression between
7.5 and E8.0. In E8.0 1Acrg mutants it was very evident
hat the cells emerging lateral to the streak and more
1Acrg embryos was assessed in both whole-mount and transverse
c region of the embryo as a guide. During a normal, clockwise
n the inner curvature of the lordic region while the left body wall
bryo. As a result, in serial transverse sections of a partially turned
the left-sided amnion is encountered in more proximal sections.
ickened and raised body wall on the left side in the lordic region.
axial rotation while the embryo on the right shows reversed
ic region on opposite sides of these embryos). (B and C) Transverse
s assigned on the basis of the raised body wall on the right or left,
D) Expression of the left-determinant nodal was assessed in
ols, 1Acrg embryos show reduced to absent expression of nodal in
e node. (E) Ebaf and Leftb are predominantly expressed in the left
ly. A probe that detects both Ebaf and Leftb shows the premature
wall; rbw, right body wall.
Acrg embryos. (A–D) Kdr-LacZ-marked cells permit visualization
1Acrg embryos (B, D). Normal rightward looping of the heart tube
mbryo (A) while the ventricular region of the 1Acrg heart remains
ent in the region of the outflow tract (B and D). Also note arrows
thin the head of the 1Acrg embryo. (E) Normal heart looping moves
ntricular chambers as is seen in the transverse section of this E9.5
g embryo demonstrates the failed dorsoanterior elevation of the
g in the cardiac region show failure of the heart tube to fuse along
ocardium and the splanchnic mesoderm of the yolk sac (asterisks
ventricle; mc, myocardium; nt, neural tube; oft, outflow tract; rv,
er Meox1 and (D) Fgfr1 was examined by whole-mount in situ
embryos (compare A and B). Additionally, at E8.5 anterior somites
ction was performed for equal time, resulting in the overexposure
the reduced size of more recently formed somites. (D) The area of
oopinga (n  28)
Open heart tubebard Unlooped
2 (15%) 3 of 13 (23%)
8 (100%) 4 of 8 (50%)
6 (86%) 3 of 7 (43%)
flow tract and left-sided atrioventicular plumbing, suggesting that
is restricted to the sinoatrial region.on in
lordi
ed o
he em
osite
a th
wise
lord
n wa
n). (
contr
in th
ctive
ody
s in 1
E9.5
he e
evid
rs wi
g ve
1Acr
1Acr
e my
, left
mark
crg
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oteion
eart l
eftw
0
0
0
d out
idlineg embryos. psm, presomitic mesoderm.
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161Phenotype of the Ednrbs-1Acrg Mutant Embryoanterior paraxial mesoderm, which should be expressing
Fgf8 at this time, were lacking Fgf8 transcripts (Fig. 10A).
Since the levels in this domain increase in normal embryos
beginning at E7.5, we examined mutants at later stages to
determine if Fgf8 expression is merely delayed. In E8.5
1Acrg embryos the distribution of Fgf8 was even more
severely affected, with transcripts remaining in the streak
epithelium and ectoderm lateral to the streak, but absent in
the mesendodermal compartment and in lateral mesoder-
mal cell populations derived from the streak (Fig. 10E).
FGF4 is another member of the FGF family of signaling
molecules that is expressed in the primitive streak
(Niswander and Martin, 1992). Although loss of Fgf4 gene
function results in embryonic lethality prior to gastrulation
(Feldman et al., 1995), analysis of Fgf8 mutants has demon-
strated that the normal expression of Fgf4 in the primitive
streak after E6.5 is dependent on FGF8 activity and indi-
cated a role for FGF4 in the migration of nascent mesoderm
away from the primitive streak (Sun et al., 1999). In order to
determine if a perturbation in FGF4 signaling is associated
with the mesodermal defects observed in 1Acrg mutants,
we analyzed Fgf4 expression in mutant embryos between
E7.0 and E9.0 (n  19). Fgf4 expression between E7.0 and
E8.5 appeared normal in the primitive streak of 1Acrg
mutants (Figs. 10F and 10G). After E8.5 Fgf4 continued to be
expressed in the streak of mutant embryos; however, the
domain of expression became reduced coincident with the
loss of posterior mesoderm.
DISCUSSION
Embryos homozygous for the Ednrbs-1Acrg deletion present
a complex phenotype that includes caudal truncation, al-
tered somite and notochord morphology, failed heart loop-
ing morphogenesis, and a randomized direction of incom-
plete embryonic turning. Cardiovascular defects likely
FIG. 7. Notochord degeneration in 1Acrg embryos. (A and B) Who
he axial mesoderm marker Foxa2. (C) Brachyury (T) expression
continuous and expression of Foxa2 and T is comparable to that of W
otochord (asterisk), most likely due to degeneration. Arrow in (
mesoderm in an E9.5 1Acrg embryo. nd, node; nc, notochord; ps, p
FIG. 8. Primitive streak and node defects. (A and B) Arrows point
embryo expressing T (A) and E8.0 mutant expressing Fgf8 (B). (C
ventrally cupped primitive streak region in 1Acrg embryos and the d
in D) is the dorsal and ventral aspect of the ventrally folded posterio
surface of the embryo, permitting this sectioned view of the node).
sections, and G and H, sagittal sections) Histological analysis of
dysmorphology of the primitive streak in mutant embryos. Nascen
is distorted (arrows in F) and the overlying ectoderm is convoluted
(H) marks poorly distributed head mesenchyme in the 1Acrg embryo
stage wild-type and stage-matched 1Acrg embryos. Note the irregu
cells in (J). (K) Distribution of nodal-LacZ-marked cells in the n
accumulate at the posterior end of the node and fewer cells are d
ectoderm; end, endoderm; fg, foregut; ht, heart; mes, mesoderm; nd, no
Copyright © 2000 by Academic Press. All rightontribute to their lethality at E10.5. Our studies indicate
bnormalities in the development of mesoderm and its
erivatives and reveal that this mutation disrupts molecu-
ar signals important for L-R morphogenesis and the supply
f streak-derived posterior mesoderm.
Morphogenetic Pathways in the Development
of Axial and Nonaxial Mesoderm
Throughout gastrulation newly formed mesoderm is
specified into distinct cell types that are associated with
their movements through and away from different positions
along the proximal–distal length of the primitive streak.
The lateral and paraxial (nonaxial) mesodermal derivatives
transit the more proximal to distal regions, respectively,
while the axial mesoderm arises from the node at the distal
end of the streak. In the 1Acrg embryo the developmental
rogression of the nonaxial mesodermal derivatives is more
everely altered than that of the axial mesodermal deriva-
ives. The node and notochord express normal levels of
everal molecular markers, such as T, examined in this
tudy. During later stages (E9.5) elongation of the midline
ontinues owing to the sustained formation of the posterior
otochord while disintegration is observed in more anterior
egions dorsal to the heart. In contrast, somitogenesis is
ompromised and Meox1 expression is reduced. Typically,
2–15 successively smaller somites form as paraxial meso-
erm becomes diminished. By E9.5, streak-derived meso-
erm has been depleted and there is a pronounced loss of
araxial and lateral mesoderm.
Fate-mapping analysis of the late gastrulation stage
ouse embryo has provided insight into differences in the
evelopment of node- and streak-derived posterior meso-
erm. This work has indicated that in the node a resident
opulation of stem cells with considerable self-renewal
apacity funnels into the midline forming the compact
xial mesoderm of the notochord. Another population of
ount in situ hybridization of E8.5 wildtype and 1Acrg mutant with
E8.0 control and 1Acrg mutant. (A–C) Notochord formation is
D and E) At E9.5 T expression reveals discontinuity in the anterior
ints to the loss of expression of T in the posterior ventrolateral
tive streak.
etached clusters of cells within the amniotic cavity of E7.5 1Acrg
) Comparison of primitive streak morphology at E8.0 shows the
ured posterior region of the node. The epithelial-like bilayer (arrow
de (the focal plane in this photomicrograph is beneath the external
1 expression marks the presomitic mesoderm. (E and F, transverse
e-matched E8.25 wild-type and 1Acrg embryos demonstrates the
esoderm migrating anterolaterally away from the primitive streak
g the length of the primitive streak (arrowhead in H). Asterisk in
nd J) Whole-mount in situ hybridization with Foxa2 in early somite
osterior node boundary and uneven distribution of Foxa2-positive
of 4- to 7-somite stage 1Acrg embryo. nodal-LacZ-marked cells
ed migrating along the lateral edges of the notochordal plate. ec,le-m
in
T. (
E) po
rimi
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s of reproduction in any form reserved.
e
o
s
t
a
h
F
t
C
g
E
(
162 Welsh and O’BrienFIG. 9. Analysis of Brachyury (T) expression in the 1Acrg embryo. (A and B) Dorsal views of stage-matched E8.75 wild-type and 1Acrg
mbryos demonstrate a reduced T expression domain in mesoderm lateral to the streak (double-headed arrow in B). (C and D) Comparison
f E9.0 wild-type and E9.5 1Acrg embryo highlights the continued expression of T in the midline and the loss of surrounding T-expressing
treak-derived mesoderm. (E and F) Sagittal sections of E9.5 wild-type and 1Acrg embryo show the loss of posterior nonaxial mesoderm and
he continued elongation of the notochord resulting in an exposed stalk of posterior tissue comprised of overlying ectoderm and underlying
xial mesoderm. Arrows highlight the absence of posterior nonaxial mesoderm. al, allantois; axm, axial mesoderm; ec, ectoderm; hg,
indgut; nc, notochord.
IG. 10. Fgf8 expression is perturbed in 1Acrg embryos. (A) Fgf8 expression in stage-matched E8.0 wild-type and 1Acrg embryos. 1Acrg
embryos at this stage show an overall reduced level of Fgf8 expression and absence of expression in nascent mesoderm migrating away from
he primitive streak (arrows in A). (B and C) Side views and (D and E) posterior views of stage-matched E8.5 wild-type and 1Acrg embryos.
omparison of these embryos shows further loss of Fgf8 signal in the mutant embryo. Expression of Fgf8 at the midhindbrain junction is
reatly reduced to absent (arrows in B and C) and no signal is detectable in mesendoderm underlying the primitive streak (arrows in D and
) or in newly formed mesoderm migrating away from the primitive streak (short arrows in D and E). (F and G) Stage-matched E8.0 wild-typeF) and 1Acrg mutant (G) embryos demonstrating comparable levels of Fgf4 expression in the primitive streak. nd, node.
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163Phenotype of the Ednrbs-1Acrg Mutant Embryoresident stem cells is found within the streak and, along
with overlying ectodermal cells that enter the streak, sup-
plies the nonaxial mesodermal derivatives (Wilson and
Beddington, 1996). These streak-derived cells must migrate
away from the midline in order to contribute to the paraxial
and lateral mesoderm.
Differences in the mechanisms for supplying and distrib-
uting mesodermal cells across the mediolateral axis possi-
bly contribute to the disparity between the development of
the axial and the nonaxial mesoderm in the 1Acrg mutant.
First, a diminished self-renewal capacity of the stem cell
populations could have a more severe impact on the non-
axial mesoderm. This would be due to a greater demand
imposed on these cells to provide a larger supply of tissue to
the paraxial and lateral mesoderm compared to the rela-
tively smaller number of cells required to assemble the
notochord (Beddington, 1994). Second, alterations in the
ratio of cells that enter and exit the streak might affect the
stability of a progenitor pool. In Fgf8-deficient embryos a
failure of cell migration leads to an accumulation of cells
within the streak. This is considered as a possible basis for
the morphological evidence of a slower rate of entry of cells
into the streak (Sun et al., 1999). Similarly, an impaired
ovement of cells through and away from the streak of the
Acrg embryo could disrupt the entry of cells into the
treak, interfering with a mechanism for maintaining a
tem cell balance. Finally, the specific disruption of sepa-
able genetic pathways could also result in the differential
oss of late streak- versus node-derived mesoderm. This
ould not exclude issues of cell migration and renewal
apacity from contributing to the 1Acrg phenotype. In fact,
these events could be related.
The transcription factor T plays a central role in the
development of mesoderm. In T mutant embryos the pro-
duction of all mesoderm is affected, including the disrup-
tion of both the notochord and the streak derivatives prior
to the completion of axis elongation (Herrmann et al.,
1990). Promoter studies have demonstrated that elements
regulating T expression in cells traversing the primitive
streak are distinct from those required for T expression in
the cells of the node and notochord (Clements et al., 1996).
In the 1Acrg mutant the T expression domain in streak-
derived tissues is reduced while expression persists in the
node and notochord. These results are consistent with
separable genetic pathways controlling T expression in the
nonaxial and axial mesoderm.
The nascent mesodermal cells emerging from the 1Acrg
streak lack Fgf8 transcripts, potentially creating a tissue-
specific loss of Fgf8 function. Fgf4 expression in the streak
is dependent on FGF8 activity (Sun et al., 1999). Our
analysis demonstrates that Fgf4 is expressed normally in
the E7.0–E8.5 streak. This likely reflects that FGF8 activity
is maintained in the 1Acrg primitive streak from E7.0 to
E8.5 and that the loss of Fgf8 expression in mesoderm
adjacent to the streak is not attributable to an earlier loss of
FGF4 activity. This is consistent with the observation that
in eed-mutant embryos loss of FGF4 activity in the streak
Copyright © 2000 by Academic Press. All rightdoes not appear to alter Fgf8 expression (Sun et al., 1999). In
1Acrg mutant embryos, the loss of Fgf8 expression precedes
the reduction of T expression in the mesoderm lateral to the
streak and the loss of this tissue. Interestingly, T transcripts
are absent in the nascent mesoderm of Fgf8-deficient mouse
embryos (Sun et al., 1999). In addition, in zebrafish the
posterior development of notochordal, trunk, and tail me-
soderm has been shown to involve distinct morphogenetic
pathways regulated by FGF signaling and mediated by
tissue-specific expression of T-box genes such as no tail
(ntl) and spadetail (spt). ntl, the homolog of mouse T, when
mutated in zebrafish disrupts the formation of notochordal
and tail mesoderm. Loss of spt, for which the mouse
omolog has yet to be identified, produces a complemen-
ary phenotype in which significant deficiencies in trunk
esoderm are accompanied by relatively normal develop-
ent of the notochord and tail. Also, ntl and spt have been
hown to dynamically regulate a third T-box gene, tbx6,
uring the formation of more posterior tail mesoderm
Griffin et al., 1998). Finally, studies in Xenopus have
indicated that a positive feedback loop regulates Xbra (the
Xenopus Brachyury homolog) and embryonic Fgf gene ex-
ression (Schulte-Merker and Smith, 1995). Taken together,
hese observations outline the role of FGF signaling in the
egulation of T-box gene expression required for the forma-
ion of specific populations of posterior mesoderm. We
ropose that the defects in the 1Acrg mutant are consistent
ith the disruption of a morphogenetic pathway, involving
he regulation of FGF signaling and T expression, that is
mportant for the normal development and maintenance of
ne such specific population, the nonaxial mesoderm.
Maintenance of L-R Signaling and Lateral
Morphogenesis
The progression of morphological asymmetry is marked
by the rightward looping of the linear heart tube, followed
by the clockwise axial rotation (rightward turning) of the
embryo and the conserved patterning of the various organs
along the L-R body axis. Heart looping morphogenesis is
abnormal in the 1Acrg mutant and in those embryos that
have partially completed turning, the direction of axial
rotation is randomized. Interestingly, we have never ob-
served a clear example of reversed leftward heart looping.
All of the mutant hearts demonstrate either partial right-
ward looping or appear unlooped (not permitting a defini-
tive assignment of handedness). It is possible that handed-
ness is reversed in the unlooped 1Acrg hearts. However,
this would imply that appreciable looping morphogenesis
does not occur in those hearts with inverted situs. Alterna-
tively, L-R asymmetry in the cardiogenic region is estab-
lished correctly but subsequent L-R morphogenetic pro-
cesses are not initiated or maintained to direct embryonic
turning or provide additional signals needed to support
normal heart looping.
Abnormal heart looping morphogenesis might also result
from defective cardiogenic tissues. Interestingly, levels of
s of reproduction in any form reserved.
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164 Welsh and O’BrienFgf8 transcripts were markedly reduced in the bilateral
populations of anterior splanchnic mesoderm, including the
cardiogenic tissue that will form the heart tube (see Fig.
10A). Studies in zebrafish have identified a role for FGF8
signaling in the expression of Nkx2.5 and Gata4 in cardiac
recursor cells (Reifers et al., 2000). In the mouse, Nkx2.5 is
xpressed in the developing heart tube and a loss-of-
unction mutation leads to failed heart looping morphogen-
sis (Lyons et al., 1995).
An intricate series of signaling events is required to
stablish handedness and maintain lateral morphogenesis.
n the laterality mutants situs inversus viscerum (Lrdiv) and
nversion of turning (Invsinv) heart looping and axial rotation
re randomized or reversed, respectively (Hummel and
hapman, 1959; Layton, 1976; Yokoyama et al., 1993). A
complex distribution of nodal and Leftb transcripts, which
includes right-sided misexpression, has been documented
in these mutants (Collignon et al., 1996; Lowe et al., 1996;
Meno et al., 1996). Recent studies have indicated that a
leftward nodal flow, generated by ciliated node cells, is
compromised in the Lrdiv and Invsinv mutants, supporting
the notion that these mutations disrupt early events in the
L-R morphogenetic pathway (Okada et al., 1999). In con-
trast, right-sided nodal or Leftb expression has not been
detected in the 1Acrg mutant. Instead, nodal and Leftb
expression appears to be variable and prematurely lost in
the left LPM of four- to six-somite stage embryos. Notably,
cells around the node do not demonstrate altered expression
of nodal. Recently, distinct cis-acting elements have been
identified that control node-specific and asymmetric nodal
expression during development (Norris and Robertson,
1999). These findings are interesting in light of a feedback
inhibition model proposed to regulate the normal duration
of nodal and Leftb expression in the left LPM through the
two- to six-somite stages (Meno et al., 1999). This model
predicts that similar Nodal-responsive side-specific regula-
tory elements promote the expression of both nodal and
Leftb (Adachi et al., 1999; Norris and Robertson, 1999;
Saijoh et al., 1999). Following induction, Leftb acts to
antagonize nodal signaling and expression. Consistent with
a feedback inhibition model, a disruption in the relative
balance of Nodal and Leftb could contribute to the variable
and untimely attenuation of nodal and Leftb expression in
the left LPM of the 1Acrg embryo. Based on the laterality
defects and the breakdown of left-sided signaling, we pro-
pose that in the majority of embryos this mutation leads to
an interruption of the L-R morphogenetic pathway follow-
ing the establishment of heart situs and preceding axial
rotation.
The notochord and floor plate are believed to provide
midline barrier function acting to restrict side-specific
signaling during L-R development (Danos and Yost, 1996;
Bisgrove et al., 1999). Like 1Acrg embryos, no turning (nt)
mutants fail to complete axial rotation and display caudal
truncation. However, bilateral misexpression of nodal and
Leftb is detected and heart situs is randomized. The later-
ality defects are proposed to result from abnormal function
Copyright © 2000 by Academic Press. All rightof the notochord and floor plate, owing to the loss of
activity of genes such as Foxa2 and Ebaf (Melloy et al.,
1998). Like Leftb and zebrafish Antivin, the related gene
Ebaf may also antagonize nodal signaling (Meno et al.,
1999; Thisse and Thisse, 1999). This does not appear to be
the basis of the 1Acrg laterality defects. Ebaf expression is
lost in the left floor plate; however, this is coincident with
the loss of nodal and Leftb signaling in the left LPM.
Whether this breakdown permits later acting left-sided
signals, such as Pitx2, a transcription factor important for
L-R patterning during organogenesis stages, to be expressed
in the right LPM is under investigation (Gage et al., 1999;
Kitamura et al., 1999; Lin et al., 1999; Lu et al., 1999).
However, Pitx2 signal might also be reduced or absent as its
expression appears to be dependent on nodal signaling,
which is lost or diminished in the 1Acrg embryo (Logan et
al., 1998; Piedra et al., 1998; Yoshioka et al., 1998).
Mesodermal derivatives are important for the transfer of
L-R positional information across the posterior mediolat-
eral axis. Studies of Caronte function in the chick embryo
have provided insight into the role paraxial mesoderm plays
in relaying signals from the node that lead to activation of
nodal in the left LPM (Rodriguez Esteban et al., 1999;
Yokouchi et al., 1999). In the mouse, mutations in T and
Fgf8 demonstrate a connection between mesoderm devel-
opment and lateral morphogenesis. Mouse mutants for each
display reversed heart looping and fail to express left deter-
minants in the LPM. In T mutants, abnormalities in the
development of the streak, node, or tissues lateral to the
node are proposed to interfere with signal(s) necessary for
the induction of nodal and Leftb (King et al., 1998). FGF8
signaling is believed to be important for asymmetric nodal
expression during both an early phase (E7.5–8.0) around
the node and a late phase (E8.0–8.75) in the left LPM
(Meyers and Martin, 1999). In the 1Acrg embryo the disrup-
tion of a late phase of nodal signaling in the left LPM is
preceded by the absence of Fgf8 expression in the nascent
mesoderm migrating away from the streak. These findings
are consistent with the concept that FGF8 signaling is
required for asymmetric nodal expression and participates
in a L-R genetic pathway acting through the paraxial and
lateral mesoderm. We propose that abnormal Fgf8 expres-
sion and signaling plays an important role in the late
gastrulation and laterality defects that develop in the 1Acrg
embryo.
Cell Behavior and Adhesion in the 1Acrg Mutant
A number of features associated with the 1Acrg pheno-
type indicate problems in cell adhesion and migration.
Detached aggregates of cells in the amniotic cavity and the
buckled dysmorphology of the primitive streak suggest
abnormalities of nascent mesoderm. The accumulation of
Kdr-LacZ-marked cells in the caudal end of E9.0–9.5 mu-
tants and of nodal-LacZ-marked cells in the posterior node
each reflect perturbations in cell movements. Mesodermal
cell types that have migrated away from the primitive
s of reproduction in any form reserved.
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165Phenotype of the Ednrbs-1Acrg Mutant Embryostreak also exhibit defects associated with abnormal behav-
ior. This includes the early streak-derived extraembryonic,
cardiogenic, and cephalic mesodermal lineages. For ex-
ample, extraembryonic mesoderm appears to adequately
contribute to the yolk sac based on the distribution and
numbers of Kdr-LacZ-marked endothelial precursors. Yet,
s the yolk sac develops these endothelial precursors are
eficient at forming an organized vasculature. Also, failed
usion along the ventral midline of the developing heart
ube is associated with abnormal adhesion, possibly reflect-
ng the improper partitioning between the myocardial me-
oderm and the splanchnic mesodermal layer of the yolk
ac.
Abnormal cell migratory and adhesive properties in the
Acrg embryo are consistent with altered T expression and
GF signaling. Chimeric analysis using Fgfr1-deficient ES
ells has indicated that severe mesodermal defects result
rom the reduced ability of mutant epiblast cells to traverse
he primitive streak (Ciruna et al., 1997). Defective mor-
hogenetic movements of nascent mesoderm have also
een revealed through the chimeric analysis of cells lacking
gene function (Wilson et al., 1995). Mutations in several
genes encoding cell adhesion molecules, components of the
ECM, and proposed regulators of their expression also
present defects comparable to those seen in 1Acrg mutants.
Impaired mesoderm development has been reported for
embryos lacking the ECM molecule fibronectin (George et
al., 1993), the 5 integrin subunit of the fibronectin recep-
tor (Yang et al., 1993, 1999), and a proposed member of the
integrin signaling pathway, focal adhesion kinase (Furuta et
al., 1995). Similarities between these mutants and embryos
lacking Fgf8 and Fgfr1 gene function have led to the
proposal that these molecules mediate cellular responses to
FGF signaling and are important for normal cell movements
during gastrulation (Ciruna et al., 1997; Sun et al., 1999).
urther analysis and identification of the molecular basis of
he phenotype are needed to determine the relationships
etween cell–cell and cell–matrix interactions and the
ange of defects present in the 1Acrg mutant.
The Ednrbs-1Acrg Deletion
The study of chromosomal deletions, as either spontane-
ous or induced mutations, represents a valuable approach
for uncovering genes involved in mouse embryogenesis. A
deletion associated with a 200-kb segment of chromosome
17 has been uncovered as the genetic basis of the classic
mouse mutant T. The complex genetics of this region and
relationship to embryonic development continue to be
studied (Rennebeck et al., 1998). The embryonic phenotype
presented in this report has been localized to a 0.8-cM
interval at the proximal end of the Ednrbs-1Acrg deletion. A
hysical map consisting of YAC and BAC clones has been
ssembled, covering an estimated 1-Mb critical region (un-
ublished results of L. J. Kurihara and S. M. Tilghman).
ositional cloning efforts are focused to identify candidate
enes in this region and determine whether they are re-
Copyright © 2000 by Academic Press. All rightuired for mesoderm development (Kurihara et al., 2000).
uch studies will be necessary to determine whether the
henotype is owing to a single gene lesion or has a complex
enetic basis resulting from the loss of more than one gene.
n ENU mutagenesis screen to recover point mutations in
enes within the deletion is also under way in an effort to
issect the genetic basis of the phenotype. This approach
roved to be particularly valuable in studies of embryonic
ethal mutations uncovered in the albino deletion complex.
lbino deletion complex and ENU-induced eed mutants
isplay patterning defects during gastrulation potentially
ttributable to the migratory behavior of newly formed
esoderm (Faust et al., 1998). Positional cloning and recov-
ry of noncomplementing ENU-induced eed alleles re-
ealed the eed locus as a single gene mutation disrupting
he mouse homologue of the Drosophila polycomb-group
omeotic gene regulator extra sex combs (Rinchik and
arpenter, 1993; Schumacher et al., 1996). The identifica-
ion of the gene(s) disrupted by the Ednrbs-1Acrg deletion and
continued studies of the 1Acrg mutant should provide
valuable insight into the molecular pathways regulating
mesoderm formation and L-R morphogenesis in the devel-
oping embryo.
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